contributed equally to this work CD95 (APO-1/Fas) is a member of the tumor necrosis factor receptor family, which can trigger apoptosis in a variety of cell types. However, little is known of the mechanisms underlying cell susceptibility to CD95-mediated apoptosis. Here we show that human T cells that are susceptible to CD95-mediated apoptosis, exhibit a constitutive polarized morphology, and that CD95 colocalizes with ezrin at the site of cellular polarization. In fact, CD95 co-immunoprecipitates with ezrin exclusively in lymphoblastoid CD4 + T cells and primary long-term activated T lymphocytes, which are prone to CD95-mediated apoptosis, but not in short-term activated T lymphocytes, which are refractory to the same stimuli, even expressing equal levels of CD95 on the cell membrane. Pre-treatment with ezrin antisense oligonucleotides speci®cally protected from the CD95-mediated apoptosis. Moreover, we show that the actin cytoskeleton integrity is essential for this function. These ®ndings strongly suggest that the CD95 cell membrane polarization, through an ezrin-mediated association with the actin cytoskeleton, is a key intracellular mechanism in rendering human T lymphocytes susceptible to the CD95-mediated apoptosis. Keywords: apoptosis/CD95 Fas/cytoskeleton/ezrin/ polarization
Introduction
Between the major programmed cell death (PCD) pathways, CD95 (APO-1/Fas)-mediated apoptosis seems one of the most involved in both the physiological control of cell proliferation and in the pathogenesis of viral, autoimmune and neoplastic diseases (Linch et al., 1995; Giordano et al., 1997; Apoptosis, special section, 1998; Peter and Krammer, 1998) . Particularly, the CD95 interaction with its ligand (FasL) plays a crucial role in homeostasis and self-tolerance of lymphocytes in both humans and mice (Nagata and Suda, 1995) . However, despite abundant surface expression, cells may be either susceptible or refractory to CD95-mediated PCD (Klas et al., 1993; Suda et al., 1997) . In fact, susceptibility to the CD95-mediated apoptosis may not be merely due to the surface expression of the CD95 antigen, in that lymphocytes equally expressing CD95 on the membrane are differently triggerable to PCD (Klas et al., 1993; Alderson et al., 1995; Brunner et al., 1995) . Intracellular mechanisms involved in the positive or negative regulation of the CD95-signaling pathway have been described (Tschopp et al., 1998) . However, cellular susceptibility to CD95-mediated PCD remains an unresolved issue and the search for novel mechanisms is necessary. Asymmetric organization of the plasma membrane and cytosolic organelles is fundamental for a variety of cells, including pro-and eukaryotic cells (Nelson, 1992) . The degree to which cells polarize is characterized by their ability to create and maintain morphologically and biochemically distinct plasma membrane domains. The prototype of stable polarized membrane domains are the apical and basolateral surfaces of simple epithelial cells. However, T lymphocytes continuously change their shape and polarization, rapidly orienting their cytoskeletal components during interaction with antigen presenting cells (Stowers et al., 1995) or following chemokine stimulation (del Pozo et al., 1996) . The ability of a cell to polarize is directly related to the membrane/cytoskeleton association (Drubin and Nelson, 1996) , and the interactions between plasma membrane and cytoskeleton play an essential role in various cellular functions (Luna and Hitt, 1992; Kusumi and Sako, 1996; Drans®eld et al., 1997; Tsukita et al., 1997; Defacque et al., 2000) . Among the proteins that have been suggested to link the actin cytoskeleton to the plasma membrane are members of the ezrin family (ezrin, radixin, moesin and merlin) (Bretscher, 1999; Mangeat et al., 1999) . The ERM proteins (ezrin, radixin and moesin) are found in the microvilli, ®lopodia, membrane ruf¯es and cell-to-cell contact sites where they colocalize with actin and have been shown to connect various cell-surface proteins to the actin cytoskeleton (Tsukita et al., 1994; Kusumi and Sako, 1996; Serrador et al., 1997 Serrador et al., , 1998 Heiska et al., 1998; Yonemura et al., 1998) . On the basis of these considerations, we investigated cells susceptible to CD95-mediated apoptosis, such as human lymphoblastoid T cells and activated primary lymphocytes: (i) the level of polarization; (ii) the cellular expression, distribution and molecular association of CD95 and ezrin, radixin and moesin (ERM); and (iii) the effects of ERM antisense oligonucleotides or actin-perturbing agents on CD95-mediated apoptosis.
tinuously underwent giant uropod formation during culture ( Figure 1 ). Uropods can be de®ned as long (at least one third of the whole cell body) and large bulbs transiently protruding from the cell surface. Unlikè blebs', which generally appear as small and permanent blisters typical of cells undergoing apoptosis, uropods are considered as a marker of cell viability and serve as a sort of cell±cell interaction`device'. Figure 1 shows sequential micrographs of CEM cells forming or retracting uropods under culture conditions. The data obtained by scanning electron microscopy (SEM) were highly consistent with those shown with TLC. In fact, CEM cells appeared as highly polarized cells with the whole cytoplasm unidirectionally oriented into giant uropods, either adhering ( Figure 2A ) or non-adhering ( Figure 2B ) to the substrate. We calculated that up to 30% of CEM cells presented clear uropod formations and that the vast majority of the cells showed pre-uropoidal structures, such as pseudopods. Thus, immunocytochemistry, immuno¯uorescence and intensi®ed charge-coupled device video microscopy (IVM) were used to assess the CD95 distribution on CEM cells. The results showed that CD95 was constitutively polarized on CEM cells, as shown by both immuno¯uorescence ( Figure 2C ) and immunocytochemical staining ( Figure 2D ). The same results were obtained with another CD4 + T cell line (Hut78 cells) ( Figure 2E and F) . Notably, up to 90% of the cells presented CD95 polarization on uropods and/or pseudopods. To verify the speci®city of CD95 polarization, we analyzed both CEM and Hut78 cells, by immuno¯uores-cence and immunocytochemistry, the distribution of tumor necrosis factor reptor1 (TNFR1), belonging to the same family of receptors. The results showed that TNFR1, consistently with¯ow cytometric analysis, was weakly expressed on CEM cells (data not shown). Hut78 cells expressed TNFR1 that was uniformly distributed on the cell membrane without any clear feature of polarization (Figure 2G and H) . It is known that the polarized state of a cell is determined and maintained by the actin cytoskeleton, and that membrane proteins that commonly polarize in the cells are frequently associated to the actin cytoskeleton through the ERM family proteins (Kusumi and Sako, 1996) . Therefore, we preliminarily assessed by RT±PCR the expression of the ERM transcripts in both CEM cells as compared with human primary T lymphocytes. The results showed that ezrin and moesin mRNAs were fully expressed by both CEM cells and primary lymphocytes, either resting or activated, while radixin transcripts were undetectable in these cells ( Figure 3A) , con®rming a previous report (Shcherbina et al., 1999) . These results excluded the possibility that radixin might be involved in the CD95 linkage to the actin cytoskeleton. Thus, we analyzed the ezrin and moesin protein expression and distribution in CEM cells. The results showed that the pattern of ezrin polarization was very similar to that of CD95 in the vast majority of CEM cells (85±90%), as shown by both immuno¯uorescence ( Figure 3B ) and immunocytochemistry ( Figure 3C ), while moesin, even highly expressed in these cells ( Figure 3D and E), did not exhibit a cellular polarization comparable to those shown for CD95 and ezrin, being virtually absent in CEM cells uropods. Double staining experiments clearly showed colocalization of CD95 and ezrin using either immuno¯uorescence ( Figure 3F ) or immunocytochemistry ( Figure 3G ), while moesin was not shown to colocalize with CD95 protein ( Figure 3H ). Thus, we have explored the sensitivity for anti-CD95-mediated induction of apoptosis in human primary CD4 + T cells activated in vitro. Consistent with a previous paper (Klas et al., 1993) , short-term (day 1) and long-term (day 6) activated CD4 + T cells, although expressing comparable amounts of CD95 on the cell membrane showed marked differences in sensitivity to CD95-mediated apoptosis ( Figure 4A ). In fact, virtually all the day 1-activated CD4 + T cells expressed marked levels of both activation markers and CD95 but did not undergo apoptosis following the anti-CD95 monoclonal antibody (mAb) treatment, while the vast majority of day 6-activated CD4 + T cells were highly sensible to the mAb treatment ( Figure 4A ). Notably, both in day 1-and day 6-activated CD4 + T cells, virtually all the CD95 + CD4 T cells were CD45RO + , con®rming that the membrane expression of CD95 is highly related to the memory phenotype in these cells (Miyawaki et al., 1992; De Maria et al., 1996) . Thus, consistently with a previous study (Klas et al., 1993) , we showed that the differential susceptibility of activated CD4 + T cells to the CD95-mediated apoptosis was independent of the cell membrane expression of CD95. Thus, we explored by IVM the ezrin/ CD95 co-localization in human primary lymphocytes. The results showed that, consistent with CEM cells, ezrin and CD95 were highly polarized and co-localized in day 6-activated lymphocytes, while day 1-activated lymphocytes did not exhibit any polarization event ( Figure 4B ). Notably, in the vast majority (90±95%) of both CEM cells and activated primary lymphocytes, CD95 and ezrin co-localized in uropods or pseudopods.
These results showed that: (i) human lymphoid cells susceptible to the CD95-mediated apoptosis frequently presented a clear polarized shape; (ii) in these cells CD95 polarized on uropods or pseudopods; (iii) susceptibility of human primary CD4 + T cells to the CD95-mediated apoptosis did not depend on the CD95 expression on the cell membrane; and (iv) the colocalization of CD95 with ezrin was a typical pathway of human CD4 + T cells highly susceptible to the CD95-mediated apoptosis.
Notably, polarization of a membrane protein and its co-localization with a protein of the ERM family are the ®rst and more important features suggesting a possible molecular association to the actin cytoskeleton (Nelson et al., 1992; del Pozo et al., 1996; Kusumi and Sako, 1996; Tsukita et al., 1997) .
Actin cytoskeleton involvement in susceptibility to CD95-mediated apoptosis To explore whether the association of CD95 with the actin cytoskeleton was involved in the CD95-dependent apoptosis, we investigated the effects of cytoskeletal- Fig. 2 . Uropod formation and CD95 polarization in CEM cells. SEM analysis of CEM cells adhering on polylysine-covered glass coverslips and forming giant uropodes characterized by a large blister body, which either remain attached to the substrate (A) or behave as a long ruf¯ing edge (>2-fold of the cell body) (B). Magni®cation, 335 000. Both intensi®ed charge-coupled device video microscopy (IVM) (magni®cation, 31000) and immunocytochemistry (magni®cation 31500±2500) clearly show polarization of CD95 (APO-1/Fas) in CEM (C and D) and Hut78 (E and F) cells. IVM (magni®cation 31500) (G) and immunocytochemistry (H) (magni®cation 32500) clearly show the unpolarized distribution of tumor necrosis factor receptor (TNFR) in Hut78 cells.
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perturbating agents on the apoptosis induced by a CD95-triggering mAb in cultures of CEM cells. Thus, we treated CEM cells with non-cytotoxic doses of cytochalasin D (CD), analyzing its effects on cell morphology and CD95 membrane distribution. The results showed that CD treatment induced a loss of cell polarity ( Figure 5A ) compared with untreated cells ( Figure 5B ), and an unpolarized redistribution of CD95 on the membrane of CEM cells ( Figure 5C ). Thus, we challenged CEM cells with a CD95-triggering mAb and other apoptotic stimuli (a physical agent, UVB, and a chemical agent, staurosporin), with or without pre-treatment with CD. As shown in (E) show IVM (magni®cation 31500) and ICC (magni®cation 32500), respectively, for moesin that, even though markedly expressed, was virtually undetectable in CEM cell uropods. Arrows in (D) and (E) indicate moesin-negative uropods. Double staining experiments showed a polarized co-localization for CD95 and ezrin in CEM cells, as detected by yellow staining in immuno¯uorescence (due to red, TRITC, and green, FITC, overlapping) (F) (magni®cation 10003) and by brown staining in immunocytochemistry (overlapping of red, PAP/AEC, and blue, APAAP/NBT) (G) (magni®cation 31500). (H) A double staining for CD95 (green, FITC) and moesin (red, TRITC). Notably, the CD95 staining (green) is localized in uropods or pseudopods, while the moesin staining is widely distributed (magni®cation 31500). Figure 5D , the results, obtained by both static (DNA labeling dye) and¯ow cytometric (propidium iodide) analyses, clearly demonstrated that CD signi®cantly protected CEM cells from the CD95-induced apoptosis, while inhibition of actin polymerization did not affect staurosporin-nor UVB-induced apoptosis. The TNFa stimulation (at the doses not inducing oxidative stress) (Larrick and Wright, 1990; Mehlen et al., 1995) did not induce detectable apoptosis both in CEM and Hut78 cells with or without CD treatment (data not shown). Accordingly, SEM analyses showed that CD pre-treatment was highly effective in preventing the typical actin cytoskeleton-dependent surface alterations of apoptosis (i.e. collapsed and peduncolated membrane blebs) induced by the CD95 triggering, but not in preventing the other apoptotic stimuli (data not shown). Notably, CEM cells treated with the anti-CD95 mAb, UVB or staurosporin in the absence of CD exhibited the actin-related morphological features of apoptosis maintaining the prominent uropoidal bodies (data not shown).
CD95/ezrin association
To explore further the cellular distribution of CD95 in human CD4 + T cells highly susceptible to CD95-mediated apoptosis, CEM cells extracts were fractionated into cytosolic, cytoskeletal and membrane fractions, and Fig. 4 . CD95 expression, susceptibility to apoptosis and CD95/ezrin co-localization in activated human primary T lymphocytes. (A) CD95 membrane expression and apoptosis were analyzed in electronically gated CD4 + by three-color immuno¯uorescence and FACS analysis in day 1-(upper panels) and day 6-(lower panels) activated human primary lymphocytes (PBL). Left panels are the CD95 + /CD69 + CD4 + PBL; central panels are the CD95 + / CD45RO + CD4 + lymphocytes; right panels are the apoptotic cells (FITC±annexin V+) CD4+ PBL after triggering with an anti-CD95 mAb (see Materials and methods). The results are representative of four experiments. (B) CD95 (green, FITC)/ezrin (red, TRITC) localization in day 1-(left panel) and day 6-(right panel) activated human primary T lymphocytes. In the upper and lower panels the single and double stainings are shown, respectively. Note the co-localization in day 6-activated lymphocytes, as revealed by the yellow staining (IVM) (magni®cation 31000).
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analyzed by western blotting, compared with the wholecell extracts. The results showed that CD95 and ezrin were comparably detectable in the membrane and cytoskeletal fractions ( Figure 6A ), while CD95 was undetectable in the cytosol. Figure 6A includes control experiments showing that CD4 was detected predominantly in the membrane fraction, actin in the cytoskeletal fraction and caspase-3 exclusively in the cytosolic fraction. Thus, we performed reciprocal experiments blotting the ezrin mAb on CD95 immunoprecipitates and the anti-CD95 mAb on ezrin immunoprecipitates in CEM cell lysates, to investigate the CD95 association to ezrin, and, as a consequence, to the actin cytoskeleton. These experiments were performed using Laemmli buffer to avoid the usual migration of the IgG heavy chains around 50 kDa, thus covering the CD95-speci®c band (see Material and methods). In fact, Figure 6B showed that the speci®c CD95 band was clearly detectable in both ezrin and CD95 immunoprecipitates (left panel), while virtually all the IgGs migrated to the top of the ®lter (without the usual dissociation between light and heavy chains) both in the immunoprecipitates and in control experiments using antibodies in lysate buffer. Figure 6B also includes the results of ezrin blotting in either CD95 or ezrin immunoprecipitates, showing that ezrin was consistently detectable in the CD95 immunoprecipitates (right panel). Figure 6B shows that the CD95 bands detectable in the ezrin immunoprecipitates was roughly comparable to the CD95 bands obtained by western blotting in whole lysates (left panel), while the ezrin band in the CD95 immunoprecipitates was clearly smaller than the ezrin band in whole lysates (right panel), suggesting that the majority of CD95 was associated to ezrin, while only one-third of ezrin was associated to CD95. Moesin and CD95 did not appear to immunoprecipitate reciprocally in CEM cells ( Figure 6B , left panel). To con®rm this ®nding further under physiological conditions we investigated the CD95/ezrin association in day 1-and day 6-activated human primary puri®ed T lymphocytes, namely in cells with comparable amounts of CD95 on the cell membrane but with different susceptibilities to CD95-mediated apoptosis (see Figure 4) . The results showed that, consistent with the human lymphoblastoid CD4 + , the anti-CD95 antibody reacted with the ezrin immunoprecipitates, and the anti-ezrin antibody reacted with the CD95 immunoprecipitates obtained from cytoskeletal plus membrane fractions of day 6-activated T lymphocytes ( Figure 6C , right panel), while day 1-activated T lymphocytes did not show CD95/ ezrin molecular association in both conditions ( Figure 6C , left panel). Figure 6C also shows the lack of association between CD95 and moesin, in that moesin was undetectable in the CD95 immunoprecipitates in both day 1-and day 6-activated primary T lymphocytes. This set of results strongly suggested a speci®c interaction between CD95 and ezrin in human CD4 + T cells susceptible to CD95-mediated apoptosis. The role of ezrin in CD95-mediated apoptosis The data on CD95/ezrin co-localization and co-immunoprecipitation in human T cells susceptible to CD95-mediated apoptosis encouraged us to perform experiments aimed at evaluating the speci®c role of ezrin in CD95-mediated apoptosis. Thus, we treated CEM cells with antisense phosphorothioate oligonucleotides (PONs) complementary to internal sequences of the coding regions of human ezrin or moesin. The results ®rstly showed that treatment of CEM cells with both ezrin and moesin antisense PONs signi®cantly inhibited the expression of ezrin as well as moesin proteins, respectively, as assessed by western blot analysis ( Figure 7A ). Using the same experimental conditions, we challenged CEM cells with the anti-CD95-triggering mAb with or without pre-treatment with PONs. The results analyzed by¯ow cytometry showed that the ezrin antisense PONs signi®cantly inhibited the CD95-mediated apoptosis exclusively (D = ±53.3%, P <0.001), while pre-treatment with the sense PONs or moesin antisense PONs did not show any signi®cant effect compared with the controls (Figure 6B ). In particular, Figure 7B shows that pre-treatment with the ezrin antisense PONs markedly decreased the percentage of cells undergoing both early (annexin V single-positive, lower right quadrant) and late (PI/annexin V doublepositive, upper right quadrant) apoptosis as compared with the cells treated with the moesin antisense PONs. The cells pre-treated with the sense PONs were shown to behave as the untreated cells (PI/annexin V double-positive, upper right quadrants). Moreover, SEM, immuno¯uorescence and immunocytochemical analyses clearly showed that ezrin antisense PON treatment markedly inhibited microvilli and uropod formation, as well as CD95 distribution in treated cells ( Figure 7C ), while both ezrin sense PONs ( Figure 7D ) and moesin PONs (data not shown) did not apparently affect either morphology or CD95 distribution in CEM cells. These results strongly supported a speci®c role of ezrin in CD95-mediated apoptosis. In fact, moesin antisense PONs did not affect the cell susceptibility to CD95 triggering, suggesting distinct and specialized functions of ezrin and moesin in lymphocytes, as proposed in a recent study (Shcherbina et al., 1999) .
Discussion
These results strongly suggest that susceptibility to CD95-mediated apoptosis in human T lymphocytes depends on the polarization of CD95 due to its association to the actin cytoskeleton through ezrin. It is thus conceivable that association of CD95 with the actin cytoskeleton may represent a major intracellular regulatory mechanism of CD95-mediated apoptosis in human CD4 + T lymphocytes. In particular, it is possible that cytoskeleton-driven polarization of CD95 (APO-1/Fas) may facilitate CD95 clustering, rendering CD4 + T cells susceptible to CD95-mediated apoptosis. Much evidence suggests that the interactions between the plasma membrane and the actin cytoskeleton are involved in many diverse functions of eukaryotic cells, including development and control of cell morphology and polarity, adhesion of a cell to extracellular matrix and cell-to-cell adhesion, membrane stability and membrane domain organization (Luna and Hitt, 1992; Drubin and Nelson, 1996) . However, some CD95±ezrin association drives CD95-mediated apoptosis evidence strongly suggests that membrane-to-ERM family proteins interaction occurs indirectly through PDZ domain-containing ezrin-binding molecules (Kusumi and Sako, 1996; Cao et al., 1999) . Evidence has shown that ezrin can exist in a dormant and activated state, and that activation induces membrane±cytoskeletal association ( Kusumi and Sako, 1996) . Of interest, long-term activated T lymphocytes are highly susceptible to CD95-mediated apoptosis, while short-term activated T lymphocytes are completely resistant to the apoptosis induced by the anti-CD95 mAb, despite the equal expression of CD95 on the cell membrane (Klas et al., 1993) . Here we have shown that exclusively long-term activation of human peripheral T lymphocytes results in CD95±ezrin association and polarized co-localization. This strongly suggests that the CD95±ezrin±actin linkage is a crucial event in the homeostatic regulation of the immune response. Interestingly, polarization can occur in lymphocytes following: (i) chemokine stimulation (del Pozo et al., 1996) ; (ii) contact of helper T cells with antigen-presenting cells (APC) (Geiger et al., 1982; Kupfer et al., 1986 Kupfer et al., , 1994 ; (iii) unidirectional budding of human immunode®ciency virus (HIV) during cell-to-cell infection (Fais et al, 1995) . Our data strongly suggest that during the development of these phenomena, CD95 (APO-1/Fas) may be directed towards the T cell uropod, rendering the cell particularly susceptible to CD95-mediated apoptosis.
In recent years, the number of membrane proteins that have been shown to link to the actin cytoskeleton in human lymphoid and epithelial cells has grown impressively (Tsukita et al., 1994; Serrador et al., 1997 Serrador et al., , 1998 Yonemura et al., 1998; Bretscher, 1999) . This linkage is frequently associated with the acquisition of a uropoddriven polarized shape, following adherence or cytokine stimulation in both lymphocytes and monocytes (Fais et al., 1994 (Fais et al., , 1997 del Pozo et al., 1997) . Notably, uropods and cell-to-cell adhesion sites form and disappear continuously in cells observed in culture, suggesting that the cellular distribution of the cytoskeleton-associated membrane molecules may change over time. In fact, micro®lament-perturbating agents such as cytochalasin D can disrupt actin micro®lament organization and, as a consequence, cytoplasmic traf®cking of molecules and various intracellular signaling pathways (e.g. integrinmediated signaling via tyrosine kinase) (Clarke and Brugge, 1995; Maniotis et al., 1997; Yamada and Geiger, 1997) . Our ®ndings on CD95 (APO-1/Fas) association to the actin cytoskeleton through ezrin, support further the hypothesis that cytoskeletal components serve as a matrix, which regulates the ef®ciency of interactions between cell-surfaceexpressed transmembrane receptors and various catalytic and non-catalytic molecules of the signal transduction cascade. Notably, we have studied cells in which the CD95 pathway is by far the preferential apoptotic mechanism (Linch et al., 1995) . However, we cannot exclude the possibility that other proteins belonging to the TNF receptor family may be linked directly to the actin cytoskeleton or that the well known intracellular cross-talk between the major proteins of this family (i.e. CD95 and TNFR) (Wallach et al., 1999) may be in¯uenced by the linkage of one of these receptors to the actin cytoskeleton.
In conclusion, we have provided evidence that linkage of CD95 (APO-1/Fas) to the actin cytoskeleton through ezrin is a key factor in rendering human T lymphocytes, susceptible to CD95-mediated apoptosis. The possibility of interfering with the linkage between ERM proteins and CD95 should provide a novel tool to modulate the CD95-mediated apoptotic pathway in lymphocytes.
Materials and methods
Videomicroscopy TLC was obtained using a phase contrast Nikon inverted microscope equipped with a Zeiss CCD camera and a JVC time lapse videotape recorder. Un®xed living CEM cells seeded on 0.1% poly-L-lysinecovered glass chamber slides at a density of 50 000 cells/ml at 403 magni®cation have been studied. Films were recorded under standard culture conditions (5% CO 2 humid atmosphere at 37°C). Uropod formation was clearly detected by decreasing tape speed by at least 360 times (to obtain a quick-time movie after an overnight recording).
SEM analysis CEM cells were ®xed with 2.5% (v/v) glutaraldehyde in 0.1% cacodylate buffer (pH 7.4) and processed as described previously (Malorni et al., 1993a) . Samples were then examined with a Cambridge 360 SEM.
Immunocytochemistry CEM cells were spun onto glass slides (Shandon, Cheshire, UK) or attached to poly-L-lysine-covered glass chamber slides (Labtek Naperville, IL), ®xed and stained by immunocytochemistry for CD95 (clone DX2 from Chemicon, CA), ezrin (Biogenesis, UK), moesin (Transduction Laboratories, Lexington, KY) or tumor necrosis factor receptor 1 (Santa Cruz Biotechnology, CA), using the alkaline phosphatase anti-alkaline phosphatase (APAAP) (Dako, Denmark) method or the peroxidase-anti-peroxidase (PAP) (Dako) method, in single and double stainings, as appropriate (Fais et al., 1995) .
Immuno¯uorescence
Control and treated cells were collected by centrifugation, attached to glass coverslips pre-coated with polylysine and ®xed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at room temperature. After washing in the same buffer, cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature. For localization of CD95, ezrin, moesin and TNFR1 proteins, samples were incubated at 37°C for 30 min with polyclonal antibodies to CD95 (Santa Cruz Biotechnology) and tumor necrosis factor receptor 1 (Santa Cruz Biotechnology), or monoclonal antibodies to ezrin (Biogenesis, UK) and moesin (Transduction Laboratories). Cells were then incubated with anti-rabbit IgG FITC-conjugate (Sigma Chemical Co., St Louis, MO) or anti-mouse IgG TRITC-conjugate (Sigma) for detection of CD95 and ezrin proteins, respectively. After washing, all samples were mounted with glycerol-PBS (2:1) and observed with a Nikon Microphot¯uorescence microscope. Double stainings were analyzed by IVM. Images were captured by a color chilled 3CCD camera (Hamamatsu, Japan). Normalization and background subtraction were performed for each image. Figures were obtained by adding CD95-FITC (green) and ezrin-TRITC (red) images by the OPTILAB (Graftek, France) software for image analysis.
PCR for ERM mRNAs
Total RNA was obtained by the RNAzol method. RNA templates were utilized for RT±PCR ampli®cation. The primers used to detect the ERM mRNAs had the following sequences: 5¢-CACGCTTGTCTTTAG-TGCTCC-3¢ and 5¢-ACTCAGACTTTACAGGCATTTTCC-3¢ for ezrin (236 bp product); 5¢-GCTAGGTGTTGATGCTTTGG-3¢ and 5¢-GAC-GTTCCATTAGCTCTTCC-3¢ for radixin (420 bp product); 5¢-TCCTAT-GGGAGTCAAGTGTGG-3¢ and 5¢-AGGTCCTGTCTCATTCCTAG-ACC-3¢ for moesin (123 bp product). Primers used to amplify the GAPDH (195 bp product) were the following: 5¢-CCATGGAGAAGG-CTGGGG-3¢ and 5¢-CAAAGTTGTCATGGATGACC-3¢. The speci®city of the sequences was veri®ed by DDBJ/EMBL/GenBank Blast analysis. PCR products were analysed on a 1.5% agarose gel using ethidium bromide and UVB illumination for detection of DNA fragments.
Isolation and activation of peripheral blood lymphocytes
Human peripheral blood mononuclear cells (PBMC) were freshly isolated from healthy adult by layering on a Ficoll-Paque density gradient. Puri®ed CD3 + T cells were isolated from PBMCs by immunomagnetic negative selection using immunomagnetic beads coated with anti-CD14 and anti-CD20 mouse anti-human mAb (Dynal, Oslo, Norway). The resultant (unbound) T cell population contained >95% CD3 + cells, as assessed by¯ow cytometric analysis. For T cell activation, puri®ed T cells were incubated for 45 min at 4°C with the mAb anti-CD3 (puri®ed by hybridoma cell line OKT3, the American Type Culture Rockville, IL) at a concentration of 10 mg/ml. Antibody-bound CD95±ezrin association drives CD95-mediated apoptosis cells were then washed and crosslinked by incubation in 24-well Nuclon plates (Sigma) that had been previously coated with a goat anti-mouse Ab (BioSource, Camarillo, CA) (20 mg in carbonate buffer) and incubated for 6 days at 37°C (Algeciras-Schimnich et al., 1999) . Alternatively, human PBL were activated with phytohemagglutinin (PHA) and IL-2, as described previously (Fais et al., 1999) . At 1 and 6 days after activation cells were collected for¯ow cytometry, immunocytochemistry, immuno¯uorescence and immunoprecipitation.
Cell lysis and subcellular fractionation CEM cells were pelleted and washed in cold PBS. Total cell extracts were obtained by solubilization in lysis buffer (AKT buffer) containing 20 mM Tris±HCl (pH 7.5), 150 or 500 mM NaCl (to avoid non-speci®c interactions), 10% glycerol, 1% NP-40 and both phosphatase and protease inhibitors (20 min, 4°C). Subcellular fractions from CEM cells, comprising cell membrane, cytoskeletal, cytosol and nuclear extracts were prepared as described previously (Bukrinskaya et al., 1998) . Brie¯y, cells were pelleted, washed in PBS, resuspended in hypotonic solution (10 mM HEPES pH 6,9, 10 mM KCl, 3 ml/ml aprotinin, 0.1 mM PMSF) and incubated on ice for 15±20 min. Cells were disrupted by dounce homogenization (20 strokes). Nuclei were pelleted at 3200 r.p.m. for 3 min at 4°C and removed. Supernatant from pelleted nuclei was centrifuged further at 35 000 r.p.m. for 30 min at 4°C. The supernatant (cytosolic fraction) was separated and the pellet (cytoskeletal plus membrane fraction) was further resuspended in NTENT buffer (500 mM NaCl, 10 mM Tris±HCl pH 7.2, 1 mM EDTA, 3 ml/ml aprotinin, 0.1 mM PMSF, 1% Triton X-100). This fraction was directly immunoprecipitated with mAbs directed against Ezrin (Biogenesis, UK) or CD95 (clone DX2, Calbiochem) in the presence of protein A±Sepharose (Sigma). Alternatively the cytoskeletal plus membrane fraction was further centrifuged at 14000 r.p.m. for 30 min at 4°C. The resulting pellet, resuspended again in NTENT buffer, comprised the cytoskeletal fraction, while the supernatant comprised the membrane fraction.
Western blot analysis
Whole extracts and subcellular fractions were resuspended in SDS sample buffer, denaturated by boiling and separated on 10% SDS±PAGE gel. Proteins were then transferred to Hybond C Extra (Amersham) and blocked in 5% milk overnight. CD95, ezrin, moesin, CD4, actin and caspase-3 were detected with an anti-CD95 (clone 13, Transduction Laboratories), an anti-ezrin (Biogenesis), an anti-moesin (Transduction Laboratories), an anti-CD4 (Novocastra, Newcastle-upon-Tyne, UK) (Parolini et al., 1999) , an anti-actin (Chemicon) and an anti-caspase-3 (Transduction Laboratories) mAb, respectively, and visualized with peroxidase anti-Ig followed by either ECL (Pierce, SuperSignal Substrate, IL) or the DAKO EnVision TM system, HRP and DAB as chromogen (DAKO), as appropriate.
Co-immunoprecipitation analysis
Cytoskeletal plus plasma membrane fraction obtained from CEM cells was pre-cleared with protein A±Sepharose 4B FastFlow (Sigma) (1 h, 4°C). CD95 protein was immunoprecipitated from pre-cleared lysate with anti-CD95 antibodies (clone DX2, Calbiochem) overnight at 4°C in the presence of protein A±Sepharose. Alternatively, ezrin or moesin protein were immunoprecipitated as described above for CD95, using an anti-ezrin mAb (Biogenesis) or an anti-moesin mAb (Transduction Laboratories). Immunoprecipitated beads were washed four times in NTENT buffer, resuspended in SDS sample buffer and resolved in 10% SDS±PAGE gel. Then, proteins were transferred to nitrocellulose membrane and analyzed by western blotting with an anti-ezrin mAb (Biogenesis), an anti-moesin mAb (Transduction Laboratories) or an anti-CD95 mAb (clone 13, Transduction Laboratories), as appropriate. The immunoblotting for CD95 in ezrin or moesin immunoprecipitates (Transduction Laboratories) was performed resuspending the immunoprecipitates in Laemmli buffer (Laemmli, 1970) , before SDS±PAGE, to avoid the usual migration of immunoglobulin heavy chains close to the CD95 molecular weight. The control experiment was performed only using immunoprecipitating antibodies (anti-ezrin or anti-CD95 as appropriate) in NTENT buffer to exclude heavy chain cross-reactivity of the secondary antibody. Pre-stained standards not containing b-mercaptoethanol (Rainbow TM colored protein molecular weight markers, Amersham UK) were used for experiments performed with Laemmli buffer.
Antisense oligonucleotides
Two antisense phosphorothioate oligonucleotides (S-modi®ed) complementary to the corresponding position 196±217 of the human ezrin and to the corresponding position 1±15 of the human moesin coding regions, respectively, were used. The chosen sequence was AGACGGGTC-CTCCAGTCCTTC for the ezrin antisense, and TACGGGTTTTGCTAG for the moesin antisense. The PONs were synthesized by Amersham Europe (Freiburg, Germany). The oligonucleotides were suspended in serum-free medium and added into the culture medium every 12 h at a concentration of 40 mM for 96 h. Every 24 h CEM cells were washed and re-suspended in fresh medium containing 40 mM PONs. Sense PONs of the same region, pre-treatment and non-treatment, were used as controls.
Flow cytometry
Three-color cyto¯uorimetric analysis of day 1-and day 6-activated PBMC was performed. Cells (5 3 10 5 ) were incubated for 10 min in PBS 10% AB human serum. After this time cells were incubated at 4°C with saturating concentration of directly conjugated: (i) FITC-anti-CD69, PEanti-CD95 (MBL International Corporation, Watertown, USA) PerCPanti-CD4; (ii) FITC-anti-CD45RO, PE-anti-CD95, PerCP-anti-CD4; and (iii) isotype matched normal FITC, PE and PerCP Ab (Becton Dickinson, Mountain View, CA). Cells were then washed twice in cold PBS/azide and resuspended for three-color cyto¯uorimetric analysis. For the acquisition of samples, FL1/FL2 compensation was 1.4%, FL2/FL1 compensation was 40.5%, FL2/FL3 compensation was 4.0%, and FL3/ FL2 compensation was 36.0%. A minimum of 30 000 events per sample were acquired. Relative¯uorescent intensity of individual cells were recorded and statistically analyzed on a Macintosh computer using CellQuest Software. Statistical analysis was performed by the parametric Kolmogorov±Smirnov (K/S) test.
For cyto¯uorimetric evaluation of apoptosis of untreated and CD95, triggered CEM cells (125 ng/ml of IgM anti-CD95 antibody) or PBMC (500 ng/ml of IgM anti-CD95 antibody) were washed and double stained by using annexin V±¯uorescein isothiocyanate (FITC) apoptosis detection kit (Eppendorf, Milan, Italy) . Cells that have lost membrane integrity (therefore considered as necrotic cells) will show red staining [propidium iodide (PI) (Molecular Probes, Eugene, OR)] throughout the nucleus and will be easily distinguishable from living cells. After 10 min incubation in the dark with annexin V±FITC and PI (40 mg/ml), samples were washed and immediately analyzed on a FACScan¯ow cytometer (Becton Dickinson) equipped with a 488 nm argon laser. At least 20 000 events have been acquired. Data were recorded and statistically analyzed (Student's t-test) on a Hewlett Packard computer using the Lysys II Software.
Cytochalasin D
Control and treated cells were exposed to cytochalasin D (CD, Sigma Chemical Co.) before different apoptotic inducers. The CD dose used in this study (0.5 mg/ml) inhibits actin polimerization without being cytotoxic, as assessed by analytical cytology analyses (Cooper, 1987) .
Induction of apoptosis
Anti-human CD95 treatment. An anti-human IgM mAb (125 ng/ml) (clone CH11, Upstate Biotechnology, Lake Placid, NY) was added to CEM cell cultures (6 3 10 5 cells/ml). After overnight treatment, cells were collected, washed and analyzed for apoptosis. TNFa treatment. CEM cells (6 3 10 5 /ml) were treated with 50 IU/ml TNFa (Sigma Chemical Co.) as described previously (Conti et al., 1998) . UVB radiation. Cells (6 3 10 5 per ml) were exposed to UVB irradiation in PBS using a Philips TL 20 W/12 lamp localized in a sterile wood. In order to eliminate UVC radiation, a Kodak ®lter (Kodacell TL 401) with an optical density of <0.4 for wavelengths below 285 nm was employed and was placed on Petri dishes during exposure. In these conditions, the UVB radiant¯ux density to the cells was 2.2 W/m 2 , as veri®ed by an Osram centra UV meter. Twenty-four hours after UVB irradiation, control and treated cells were prepared for¯uorescence and scanning electron microscopy (Malorni et al., 1994) .
Staurosporine treatment. The protein kinase inhibitor staurosporin (Sigma, 10003 stock in dimethylsulfoxide) was added to the culture medium at a ®nal concentration of 30 nM (Eischen et al., 1997) . After 24 h treatment, control and treated cells were prepared for¯uorescence and SEM.
Evaluation of apoptotic cells
Quantitative evaluation of apoptotic cell death was performed by¯ow cytometry and/or static cytometry using the chromatin dye Hoechst 33258 (Molecular Probes) as described previously (Malorni et al., 1993b) . The numbers reported were the mean values 6 SD for ®ve independent experiments.
